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CORRELATION OF CYLINDER-HEAD TEMPERATURES AND COOLANT HEAT REJECTIONS OF A
MULTICYLINDER, LIQUID-COOLED ENGINE OF 1710-CUBIC-INCH DISPLACEMENT

By Brrce T. Luxbix, Joax H. PovowLny, and Lotis J. CHELRO

SUMMARY

Data obtained from an extensirve inrestigation of the cooling
characteristics of four multieylinder, liguid-cooled engines
have been analyzed and a correlation of both the eylinder-head
temperafures and the coolant heat rejections with the primary
engine and coolant variables was obtained. The method of
eorrelation was previously developed by the NACA from an
analysis of the cooling processes intolred in a Hquid-cooled-
engine cylinder and is based on the theory of nonboiling,
Jorced-conrection heat transfer. The data correlaied inecluded
engine power oufpuis from 275 to 1860 brake horsepower;
eoolant flows from 60 to 820 gallons per minute; coolants rarying
in composition from 100 percent water to 97 percent ethylene
glycol and 8 percent water; and ranges of engine speed, manifold
pressure, carburetor-air femperature, fuel-air ratio, exhaust-gas
pressure, tignition timing, and coolant temperature. The
¢ffect on engine cooling of scale formation on the coolant passages
of the engine and of boiling of the coolant under various oper-
ating conditions is also discussed.

The results of ihis analysis indicated that the correlation
method iz applicable to multieylinder, liguid-cooled engines
of the type inrestigated and permits the prediction of the eylinder-
head temperature between the exhaust ralres within approri-
mately *+12° F and of the coolant heat rejection with an
accuracy of +8 percent for any operating condition within the
range of the investigation.

INTRODUCTION

An investigation of the cooling characteristics of recipro-
cating aireraft engines is of importance in order to insure
satisfactory engine performance at extreme conditions of
operation. A considerable amount of data on the cooling
characteristics of various air-cooled engines has been
published by various investigators but little data have been
published on the cooling characteristics of liguid-cooled
engines.

An extensive research program to determine the cooling
characteristics of liquid-cooled engines was therefore insti-
tuted at the NACA Cleveland Iaboratory in 1943. The
initial phase of this program consisted of an investigation
conducted on a single-cylinder engine to provide data for a
fundamental study of the heat-transfer processes involved.
The final results of this investigation are reported in refer-
ence 1 in which an analysis, based on the theory of nonboiling
forced-convection heat transfer, was made of the cooling

processes in a liquid-cooled engine. This analysis resulted
in a semiempirical method, similar to that presented in
reference 2 for air-cooled engines, of correlating the cylinder-
head temperatures with the primary engine and coolant
variables; and this method was successfully applied to the
data.

Following the investigation on the single-cylinder engine
(reference 1), a comprehensive investigation of the cooling
characteristies of 8 multieylinder engine of 1710-cubic-inch
displacement was conducted. The primary data obtained
in this investigation are presented in reference 3 in the form
of plots of the cylinder temperatures and the coolant heat
rejections against the basic engine and coolant variables.
In order to determine the applicability of the correlation
method of reference 1 to a multicylinder engine and to
obtain in most conveniently applied form a complete formula-
tion of the prineipal cooling characteristics of liquid-cooled
engines, this semiempirical method was employed in slightly
modified form to correlate both the eylinder-head-temper-
ature data and the coolant-heat-rejection data of reference 3
with the primary engine and coolant variables. The results
of both of these correlations as well as examples of their
application to a typical problem are presented herein.

The data used in the correlations presented in this report
cover wide ranges of engine and coolant conditions including
engine power outputs from 275 to 1860 brake horsepower,
coolant flows from 50 to 320 gallons per minute, and coclants
composed of ethylene glycol—water mixtures ranging in
composition from 100 percent water to 97 percent ethylene
glycol and 3 percent water.

APPARATUS AND PROCEDURE

The data used in this analysis were obtained from V-1710
engines set up on a dynamometer stand and are presented
in curve form in reference 3. The data used in the cor-
relation of ¢ylinder-head temperatures were obtained from
four engines that are designated engines A, B, C, and D in
reference 3 and herein. Data for the correlation of coolant-
heat rejections were obtained from engine D only; data from
engines A, B, and C are not included for this correlation
because the experimental technique used for these engines
was not sufficiently refined to provide heat-rejection data of
the accuracy required for this analysis. The engine models
used are 12-cylinder, liquid-cooled, V-type engines with a
displacement of 1710 cubic inches, a 5.5-inch bore, and 2

207



208

6.0-inch stroke. The compression ratio is 6.65 and the
engines are fitted with single-stage gear-driven superchargers
having a gear ratio of 9.6:1 and an impeller diameter of 9.5
inches. The standard ignition system is timed to fire the
intake spark plugs 28° B.T.C. and the exhaust spark plugs
34° B.T.C. The valve overlap extends over a period of
time equivalent to 74° rotation of the crankshaft.

The cylinder-head temperatures were measured by iron-
constantan thermocouples installed in each cylinder between
the exhaust valves, between the intake wvalves, and in the
exhaust spark-plug boss at the locations shown in figure 1
and according to the method described in reference 3.

A schematic diagram of the cooling system is shown in
figure 2. Copper-constantan thermocouples, differentially
connected to a portable precision-type potentiometer, were
installed at the locations shown in figure 2 for the purpose of
measuring the coolant temperature rise across the engine and
the coolant cooling-water temperature rise across the coolers.
The coolant flow was measured by means of a venturi
installed in the main coolant line and the coolant cooling-
water flow was measured with a calibrated rotameter
installed in the cooling-water line. Further details of the
instrumentation and a description of the general setup and
auxiliary equipment are given in reference 3.

A summary of the engine and coolant conditions covered by
the data used for both the cylinder-head-temperature and
heat-rejection analyses is given in table I. In order to iso-
late the effect of the engine and coolant variables on. both the
cylinder-head temperatures and the coolant heat rejections,
one of the conditions was varied in each of the tests, while,
in general, all the others were hield constant. The tests on
engine A covered typical engine operating conditions varying
from cruise to take-off power and included data for several
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Fiaure 1.—Installation of oylinder-head thermocouples.
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coolant flows and temperatures and a range of engine coolant-
outlet pressures from 10 to 30 pounds per square inch gage.
The effects of coolant temperature and engine power on the
cylinder temperatures were further determined in the part of
the investigation conducted on engine B. Tests in whicl
an aftercooler was mounted on this engine were also made (o
determine the effects of varying the charge flow, the manifold
temperature, the fuel-air ratio, and the aftercooling condi-
tions on engine cooling. The part of thoe investigation on
engines C and D was conducted to extend the range of
the cylinder-head-temperature correlation and to provide
data essential to both correlations thal were not obtained on
the other two engines.

ANALYSIS
SYMBOLS

The following symbols are used in this analysis:

A _. mean area of cylinder wall, (sq ft)

B; . . . By constanis

¢ specific heat of coolant, (Btu}/(Ib) (°I%)

Cp specific heat of air at constant pressure, (Btu)/
(Ib (°F}

g accleration due to gravity, 32.2 (fi}/(sec?)

H heat rejected to coolant, (Btu)/(sec)

J mechanical equivalent of heat, 778 (ft-1b)/(Btu)

k thermal conductivity of coolant, (Biu)/(scc)
(sq ft) (°F/it)

ky thermal conduectivity of cylinder well, (Btu)/
(sec) (sq ft} (°F/it)

m,n,8 exponents



CORRELATION OF COOLING CHARACTERISTICS OF A MULTICYLINDER ENGINE

N engine speed, (rpm)

Pr Prandtl number of coolant, ex/k (dimensionless)

T. carburetor inlet-air temperature, (°F)

T, effective eylinder-gas temperature, (°F)

T\ average cylinder-head (gas side} temperature,
(°F)

T : average cylinder-head (liquid side) temperature,
(°F)

T, average coolant temperature, (°F)

T dry inlet-manifold temperature, (°F)

U supercharger impeller-tip speed, (ft)/(sec)

We engine charge (air plus fuel) flow, (Ib)/(sec)

W, coolant flow, (Ib)/(sec)

Ty mean thickness of cylinder wall, (ft)

Z B, P .T factor that accounts for temperature
drop through cylinder head

B absolute viscosity of coolant, (1b)/(ft)(sec)

DERIVYATION OF CORRELATION EQUATIONS

Consideration of the process by which heat is transferred
from the hot gases in the engine cylinder to the coolant in
a liquid-cooled engine indicates that the heat must pass
through & series thermal path in the following steps: (1)

from the gases in the cylinder to the gas-side cylinder wall; -

(2) through the cylinder wall; and (3) from the liquid side
of the cylinder wall to the coolant. In reference 1, the
following three equations were presented for this series
thermal path:

Cylinder gases to wall

H=Blﬁ’¢' (T‘— Tk) (1)

where T, is a function of the fuel-air ratio, inlet-manifold
temperature, ignition timing, and exhaust pressure.
Through eylinder wall

=TA_TH.1’
Ly

k

H ()

X

Cylinder wall to coolant
A=5: (2 (%) ¥ To—10 ®)

Cylinder-head-temperature correlation equation.—In order
to obtain a single equation expressing the cylinder-head
temperature 73 in terms of the primary engine and coolant
variables, equations (1) to (3) are combined in such a manner
as to eliminate H and T, ; This combination of the three
basic equations of heat flow leads to the following cylinder-
head-temperature correlation equation:

[(F=0) (a)-z]per=m (5) " @

L

where
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and

s=.B,

In equation (4), the coolant-flow factor ¥W/u is the
separated varieble, the effect of charge flow being incorpo-
rated with the temperature parameter. It may be desirable
in many cases, however, to separate the effect of charge flow.
By rearrangement of equation (4), the following alternative
form is obtained in which the charge flow is the separated

(=D () () ez @

The constant B;, the factor Z, and the exponents m, =,
and s are determined from the test results and the details of
their evaluation are given later in this report. The signifi-
cance of other factors appearing in the correlation equation
or used in the analysis is discussed in a following section.
When these factors are evaluated, the relations among T
and the various engine and coolant operating conditions will
be completely defined by equation (4) or (5), and these
equations will then serve to correlete and permit the pre-
diction of cylinder-head temperatures for any engine and
coolant operating condition.

If modes of heat transfer other than normal forced convec-
tion are predominant or if variables other than those con-
tained in the correlation equation have an effect on the
cylinder temperatures, the data may be expected to depart
from a satisfactory correlation. Two such factors that may
be encountered in engine operation are boiling of the coolant
and scale build-up on the coolant passages. The effects of
these two factors are illustrated in figures to be presented
subsequently.

Coolant-heat-rejection correlation equation.—An equation
expressing the coolant heat rejection H in terms of the
primary engine and coolant variables is obtained by a recom-
bination of equations (1) to (3} in a manner similar to that
used for the derivation of the cylinder-head-temperature
correlation equation except that, in this case, the variables
T, and T, ere eliminated. This recombination of the basie
equations of heat flow leads to the following heat-rejection
correlation equation:

[5.(%8)- ()= (Z)"

As for cylinder-head temperature correlation equation (4},
the coolant-flow factor T"}/r is the separated variable in this
equation and the effect of charge flow is incorporated with
the temperature parameter. A rearrangement of equation (6)
to place the charge flow as the separated variable gives
the following alternative form for the heat-rejection correla-
tion equation:

[B‘(T T)( )(A(Pr)) Z]—W“ @)
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The values of the various constants appearing in equation (8)
or (7) are evaluated from the date in a manner similar
to that used for the cylinder-head-temperature correlation,
as illustrated and subsequently described. When these
factors are evaluated, the relation between H and the various
operating conditions will be completely defined by equation (6)
or (7) and these equations will then serve to correlate and
permit the prediction of coolant heat rejections for any
engine and coolant operating condition.

SIGNIFICANCE OF FACTORS

Coolant heat rejection H.—The total coolant heat rejection,
including the heat rejected from both the cylinder heads and
the cylinder barrels, is used in the heat-rejection correlation
presented herein. This value of coolant heat rejection was
determined from the measured flow and temperature rise of
the coolant cooling water and was corrected for an estimated
piping loss of 2 percent of the heat rejected.

Cylinder temperature T';.—The temperature T, used in the
correlation of cylinder-head temperatures is the average of
the temperatures measured between the exhaust valves for
the 12 cylinders of the engine. This temperature location
was chosen because it is the most widely used temperature
for this engine and, being in the hottest region of the cylinder
head, may be considered indicative of critical cooling condi-
tions. Although an average cylinder-head temperature is
indicated in the derivation of equations (4) and (5) and is used
in the correlation presented in reference 1, a satisfactory
correlation would be expected for any single temperature
location. This possibility of satisfactorily correlating the
temperature of any location is a result of the linear relation
(reference 3) that exists between temperatures at various
locations in the cylinder head.

In order to permit an evaluation of the maximum eylinder-
head temperature obtained for any operating condition, the
relation between the average temperature for the 12 eylin-
ders and the temperature of the hottest cylinder is presented.

Effective oylinder-gas temperature 7,—The offective
cylinder-gas temperature 7 is the gas temperature effective
in transferring heat from the cylinder gases to the cylinders,
and, as previously indicated, is considered a function of the
fuel-air ratio, inlet-manifold temperature, ignition timing,
and exhaust pressure. The value of T, for the various
engine conditions for the correlation of both cylinder-head
temperatures and coolant heat rejections is determined from
tests subsequently described and illustrated.

Dry inlet-manifold temperature T, —The true inlet-
manifold temperature in a conventional multicylinder engine
is difficult to measure because of the presence of unevaporated
fuel in the charge mixture. For cooling correlations, the
expedient of using a calculated dry inlet-manifold tempera-
ture instead of the measured manifold temperature is
adopted. This dry inlet-manifold temperature is defined
as the sum of the air temperature at the carburetor inlet
and the calculated temperature rise of the air incurred in
passing through the supercharger. This temperature rise

—~REPORT 931—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

was calculated on the assumption that there was no fuel
vaporization. By assuming a value of 0.96 for the slip
factor, which is the ratio of the pressure coefficient to the
adiabatic efficiency of the supercharger, the dry inlet-
manifold temperature 7, may be writlen as

0.96 2
Tn=Tc+_ch_, (8)

For the single-stage engines used, this relation reduces to
N ]
Ta=T.+25.28 (7305) (©)

For the tests of the engine fitted with the aftercooler, the
temperature drop of the charge mixture incurred in passing
through the aftercooler was calculated from the heat rejected
to the aftercooler coolant and subtracted from the manifold
temperature determined from equation (9).

Charge flow W, and fuel-air ratio.—~The value of charge
flow W, was taken as the totul charge fow (air plus fuel) to
the engine, although similar correlations may also be made
on the basis of the air flow alone. The fucl-air ratio used
was the mean fuel-air ratio to all eylinders as obtained from
the total air and fuel flows.

Coolant flow W; and coolant temperature 7,,—The coolanl
flow T was, for simplicity, taken as the total coolant flow
ta both cylinder banks. Although the construeclion of the
coolant passages in the engine is such that the flow varics
considerably from cylinder to eylinder, it is shown in refer-
ence 3 that changes in the total flow effeel proportional
changes in the flow over any one cylinder. The coolant
temperature T; was taken as the average of the inlet and
outlet temperatures of both cylinder banks.

Physical properties of coolants.—The physical properties
of the coolants (specific heat ¢, absolute viscosily g, thermal
conductivity %, and therefore the Prandtl number Pr) were
evaluated at the average coolant temperature T;. The val-
ues used were obtained from reference 4 and are presented
in convenient curve form in reference 1.

Constants B;, B;, and Z and exponents m, n, and s.- ~The
constants By, By, and Z and the exponents m, n, and & are
determined from the test results, and the details of the eval-
uation of these factors are given in the following section.
The values obtained for these constants and exponents, and,
in addition, the value of T}, will not necessarily be the same
for both the cylinder-head-temperature and the heat-rejec-
tion correlations because in the cylinder-head-temperature
correlation only the cylinder head is involved; whereas in
the heat-rejection correlation hath the eylinder head and the
cylinder barrel are involved in the transfer of heat to the
coolant.

CYLINDER-HEAD-TEMPERATURE CORRELATION
EVALUATION OF FACTORS

As previously indicated, the value of the effective gas
temperature Ty at various engine operating conditions and
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the values of the constant Z and the exponents m, n, and s
must be evaluated before the correlation equations may be
used to determine the cylinder-head temperature T for var-
ious engine operating conditions. In general, the values of
these factors are determined independently from ansalysis
of test data that are selected to permit a simplification of
correlation equation (4) as required for this evaluation. The
details of the evaluation of these factors are described and
illustrated in the following paragraphs.

Effective cylinder-gas temperature T,.—The method used
to evaluate T, which has been successfully applied to the
correlation of cooling data obtained for a large number of
air—cooled engines and the liquid-cooled engine of reference I,
constitutes first the establishment of a reference value of
T, for a given set of operating conditions and then the
determination of the variation of T, with each of the perti-
nent engine conditions. On the basis of previous correla-
tion work, and in the interest of comsistency with other
cylinder-head-temperature correlations (references 1, 5, 6,
and 7), a reference value of T for this correlation of 1150° F
was chosen for a fuel-air ratio of 0.080, an inlet-manifold
temperature of 80° F, standard ignition timing (approxi-
mately maximum power setting), and an exhaust pressure
of 30 inches of mercury absolute. Investigation has shown
that the correlation is insensitive tochanges inthe magnitude
of this reference value of T; it is important, however, that
its variation with engine conditions be accurately determined.

The variation of T, with fuel-air ratio, manifold tempera-
ture, ignition timing, and exhaust pressure was determined
from the tests in which these factors were independently
varied while holding all other engine and coolant conditions

constant. For such conditions, correlation equation (4)
reduces to
g“ — g‘= constant (10)
£ LA

This constant can be evaluated from the cylinder-head
and coolant-temperature data obtained at the reference
operating condition for which the value of 7, has already
been chosen. The variation of 7, with each of the afore-
mentioned variables can then be ealculated from the values
of the constant and the coolant and cylinder-head tempera-
tures obtained for the range of operating conditions in
question. Although the value of the constant is dependent
on the charge flow and coolant conditions of the reference
operating condition and thus was not the same for each series
of runs for which the variation of T, was being established
(see table I), the variation of T, from the chosen reference
value is independent of the value of the constant and hence
is valid for any engine charge flow and coolant operating
condition.

The variation of T, with fuel-air ratio is shown in figure 3.
The values of T, presented have been corrected to a dry
inlet-manifold temperature of 80° F in accordance with a
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relation between the manifold temperature and 7', that will
be subsequently discussed. A maximum value of T is
reached at a fuel-air ratio of about 0.067, which is approxi-
mately equal to the fuel-air ratio for the stoichiometric mix-
ture. Data obtained from three different engines, one of
which was fitted with an aftercooler, are included in figure 3
and close agreement among the three is noted. The varia-

tions obtained for both the single-cylinder engine of refer-

ence 1 and the air-cooled engine of reference 5 are also shown
in this figure. The values of T, for the single-cylinder
engine are seen to be somewhat lower than those for the
multicylinder engines of the present investigation, partic-
ularly in the rich region, but close agreement between the
multicylinder liquid-eooled and air-cooled engines is evident.

The variation of T with the calculated dry inlet-manifold
temperature T is shown in figure 4. The data, which are
presented for three engines and various engine operating
conditions, have been adjusted to a fuel-air ratio of 0.080 in
accordance with the relation between T, and the fuel-air
ratio that is presented in figure 3. Asindicated in equation (9),
the inlet-manifold temperature may be varied by chang-
ing either the carburetor inlet-air temperature or the engine
speed. Data obtained from tests wherein each of these
quantities was independently varied are presented (fig. 4)
and both sets of data fall on & common curve. An average
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Fiacre 3.—Varfation of effective eylinder-gas temperature with fuel-alr ratle for cylinder-
head-temperature correlation. Data corrected to dry Inlet-manifold temperature of 80° F:
exhaust pressure, 29-30 Inches mercury absolute; standard fgnition timing.
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eed pressure flow  tempercture  air
B ; {m. Hr‘ie) (lb}sec) F) ratio]
[ A 34-36‘ rL83 80-/84 0095
v C 2500 27-30 1339 ~20-1/70 080
o O 2600 30-34 /.58 =27-/44 .a95
+ do. 3000 36-40 204 -43-/46 .095
& do. 2300-3200 32-36 172 t7 080
& do. 2300-3200 34-40 172 140 .080
X oo, 2000-3200 33-40 178 7 085
O do.2000-3200 3/-40 £L58 143 .085
k= *Engine equipped with oftercooler
&: 1240
< T
1220 r-y ( g
i Lo
1200 P i
+ ? Ag— . )
1180 o<
O g
- al-g2s

\
—
(o))
Q
*

~ -~
- .
8 _8

Effective cylinder-gos temperature,

80 12a 180 200 240 &80 320 360 400 440
DOry inlet-manifold temperoture, T, ,°F

Fi16URE 4.—Variation of effectlve oylinder-gas temperature with manifold temperatare for
cylinder-head-temperature correlation. Data corrected to fuelal ratio of 0.080; exhaust
pressure, 20-30 inches mercury absolate; standard ignition timing.

change in 7, of about 0.25° F per degree Fahrenheit change

in T, is indicated and correction of T, to other than 80° F

manifold temperature is therefore made in accordance with

the relation
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FieurEe 5.—Varlation of effective oylinder-gas temperature with exhaust pressure at several
fuel-afr ratios for cylinder-head-temperature correlation. Data correoted to dry Inlet-
manifold temperature of 80° F; standard ignition timing; engine D.
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AT,=0.25 (Te—80) (1

The effect of exhaust pressure on T, for three values of
fuel-air ratio and various engine conditions is presented in
figure 5. These values of 7, have been corrected to an
inlet-manifold temperature of 80° F by means of equation(11).
An increase in exhaust pressure resulis in an inerease in 7y,
and, for the range of fuel-air ratios covered, the increaso
is somewhat greater at the lean than at the rich mix-
tures. A similar effect of exhaust pressure on T, was ob-
tained in the tests of an air-cooled engine, which are reported
in reference 6, and also in tests of another liquid-cooled
engine conducted at this laboratory (data unavailable). For
convenience, a cross plot of these curves is shown in figure 6
in which T, is plotted as a function of fucl-air retio for
exhaust pressures of 10, 20, 30, 40, and 50 inchos of mercury
absolute. The curve for an exhaust pressure of 30 inchos
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FI6URE 0.—Varlatlon of effoctive cylinder-gas temporature with fuclalr ratfo at varfous
exhaust pressures for oylinder-head-temperature correlution (obtalned from crosy plut of
fig. 5). Data corrected to dry inlet-manifold temperature of 80° F; standard lIgnition
timing; engine D.

of mercury was obtained from figure 3 and the shape of this
curve was used as a guide in drawing those for the other
exhaust pressures,

The variation of T, with ignition timing for engine speeds
of 2600 and 3000 rpm is presented in figure 7 as a plot of
AT, against ignition timing. This variable AT, represents
the change in effective cylinder-gas temperature from the
value at the standard ignition timing (exhaust spark plugs)
of 34° B.T.C. The magnitude of the correction to Ty for
other than standard ignition timing increases positively as



CORRELATION OF COOLING CHARACTERISTICS OF A MULTICYLINDER ENGINE

[ I 1T 1T 1 1
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FiGURE T.—Variation of change in effective cylinder-gas temperature with Ignition timing
for eylinder-bead-temperature correlation. Engine D.
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the spark setting is increased or decreased from the normal
position. The data separate somewhat with engine speed
for a spark-plug timing later than the normal setting but,
for simplicity, a single curve has been drawn through all the
data.

Exponent n on charge flow.—The value of the exponent
n on charge flow W, was obtained from tests at constant
coolant conditions in which the charge flow was varied by
changing the engine speed, manifold pressure, or exhaust

pressure. For such conditions, equation (4) reduces to
Tn—T, . _
T‘—_TB—BJV, (12)

»— T

A logarithmiec plot of g —T, against 17, is shown in fig-

ure 8 and the slope of the line through the datas, which is
equal to the value of the exponent n, is 0.60. Although the

absolute value of the factor g”—:g—: would be different for
X

different coolant conditions, the slopes of the resulting

lines would be the same. The data for the runs with a

coolant flow of 300 gallons per minute were adjusted to a

flow of 250 gallons per minute to be consistent with the rest
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of the data by changing the factor LT, in accordance
T,—T:

with the effect of coolant flow on the cylinder-head tem-
perature presented in reference 3. Data covering a wide
range of engine speed, manifold pressure, and exhaust
pressure are presented for two engines and close agreement
is noted.

Factor Z.—The factor Z was determined from tests in
which the coolant temperature and composition were held
constant while the coclant fow T
conditions, equation (4) may be written

T T,.)(‘W‘n —Z= B’(W) (13)

A plot of ( ) (W‘m) against 1/W,, using the previ-

ously determmed values of T, and the exponent n, is shown
in figure ¢ for five different coolant compositions. Extrapo-
lation of these data to 1/W;=0 (at which point the value of

(g’%}%) (WIT@) is equal to the Z factor) results in & value
¥ 1 ¢

of 0.13 for Z. Because of the somewhat arbitrary nature
of this extrapolation, the final value for Z was chosen by
drawing curves having the same general shape as those
presented for a similar plot in reference 1 and then com-

pleting and plotting a final correlation of all the data

(based on equation (4)) using three different values for Z
in the neighborhood of the value indicated by the curves;
the value that gave the most satisfactory correlation (0.13)
was finally chosen.

In the investigation of reference 3, it was found that the
cylinder-head tempersture, particularly in the exhaust or
hot side of the head, increased with engine running time
during the initial operation of the engine. This incresse in
temperature is illustrated in figure 10 and it is noted that
the temperature between the exhaust valves increased about
25° F during approximately the initial 100 hours of engine
running time and remained substantially constant as the
operating time was further increased. Unlike the variation
exhibited by this temperature location, the temperature at
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FIGURE 8.—Determination of factor Z from variation af( T,— Th) ( W,‘-W) with I/1F
for cylinder-head-temperat ure correlation. Average coolant tempera.tu.ra. 245° F; engine D.

was varied. For these
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FiGURE 10.—Veriation of average cylinder-head temperatures with engine running time,
Engine speed, 2500 rpm; manifold pressure, 32 Inches merewry abwolute; cluwge Now, 1,57
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245° F; stendard Ignition timing; exhaust pressure, 20-30 inches morcury abaolute; englge 13,

the exhaust spark-plug boss increased only slightly and the
temperature between the intake valves remained constant
over the entire period of the investigation. As discussed in
reference 3, an inspection of the coolant passages of a serapped
cylinder head revealed scale deposits on the exhaust side of
the cylinder head but none on the intake side. This increase
in temperature was therefore attributed to the seale deposits
on the coolant passages. Because the Z factor accounts for
the temperature drop through the eylinder head, this increase
in cylinder-head temperature with engine running time will
be reflected as a similar variation in the Z factor. The value
of the Z factor (0.13), which was determined after ahout 100
hours accumulated engine running time, is therefore appli-
cable only for this or greater engine running times. Although
the final correlation is insensitive to the magnitude of this
basic value of Z, it is necsesary that the variation of Z, which
occurs during the initial period of engine running time, be
accurately determined and included in the final correlation.,

The variation of Z during the initial period of engine
running time was determined from eylinder-head-temperature
data obtained at a reference operating condition. For this
reference condition, the coolant conditions were constant;
accordingly, equation (13) may be written

( ) (nro—ﬁ) —Z=constant (14)

The value of the constant is determined from the substitution
into the equation of the previously determined value of Z and
the pertinent engine and coolant data obtained at 100 hours
engine running time. The value of Z at other engine running
times-is then determined from the value of the constani
and the eylinder-head temperatures obtained at the running
time under consideration.

A plot showing the variation of the Z faclor for engine D
with engine running time is presented in figure 11. It can be
seen that the Z factor increases during the initisl engine
operating time in a manner similar to that for the ¢ylinder-
head temperature (fig. 10) and that there is no significant
change in the value of Z after about 100 hours running time.
It is expected that this phenomenon will vary from engine to
engine depending upon the history of operation. The range
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of conditions and engine running time over which this varia-
tion was established is indicated in table I.

Forengine D, the value of Z used in the subsequent eylinder-
head-temperature correlation plots was determined from the
curve of figure 11. For engines A, B, and C, the data were
insufficient to provide separate evalustion of Z, but most
of the correlation data provided by these engines were
obtained after the engines had been run for a considerable
length of time so a value of 0.13 was used. Because this
value resulted in satisfactory correlation of the ecylinder-
head-temperature data from engines A, B, and C with those
of engine D, it may be assumed that the coolant passages of
these engines were in about the same condition as those of
engine D after about 100 hours engine running time.

Exponent m on coolant-flow parameter W;/u.—The value
of the exponent m on the coolant-flow parameter W';/u was
determined from tests in which the coolant temperature and

14
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FicUCRE 11.—Variation of factor Z for cylinder-head-temperature correlatfon with Initisl
engine running time attributed to scale build-up in coclant passages of engine D.

composition were held constant while the coolant flow T, was
varied (similar to data for determination of Z factor). For
these conditions, equation (4) may be written

[( )(W ) Z] k=B, (%‘)_m (15)

A logarithmic plot of the factor I:(T T,)(W" w) Z]L

against 1 /u is shown in figure 12 for five different coolant
compositions. The slope of the straight lines through these
data is equal to the exponent on T";/u. Lines having the
same slope are drawn through the data for each coolant and
the value of the exponent m is accordingly established as 0.48.
This value for the exponent m, which is established from these
selected data, will, of course, be verified by the slope of the
line through all the data on the final correlation plot based on
equation (4).

Exponent s on Prandtl number Pr.—The value of the
exponent § on the Prandtl number Pr was determined from
data for a constant value of 11"/x; for this condition, equa-
tion (4) may be reduced to

I: %:_gf:;) (#)—Z] k=B (Pr)~* (16)

The slope of the line determined by a logarithmie plot of

I: T T.)(W“") Z:I k against Pr would then establish

the value of the exponent 8. A wide range of Prandtl number
for this plot may be obtained if data for several different
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coolants are used. In order to construct this plot, it is con-
venient to obtain valuesof thefactor

[(#=2) Grzm)-2] *

from figure 12 for a constant value of TI";/p and then to
cross-plot the values of this factor against the Prandtl num-
ber Pr of the different coolants. Data obtained from a cross
plot of figure 12 at a constant value of W'ifx equal to 55,000
is shown in figure 13 and the slope of this line thus establishes
the value of the exponent & on the Prandtl number Pr as 0.33.

FINAL CORRELATION

Final correlation with coolant-fiow factor Wi/ as in-
dependent varisble.—The final correlation based on equation
(4), which is obtained by plotting the factor

[(g:: %:) (’ﬁ%o) —Z:I k (Pryos

against 17z on logarithmic coordinates for all test data
for the four engines, is presented in figure 14(a). Although
the data points scatter considerably, the maximum variation
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FIGCRE 13.—Determination of exponent ¢ on Prandt] number Pr for c¥linder-head-temperature
x— T 1
carrelation from variation of [(T T,,) (m)—z] k with Pr as obtained from

cross plot of figure 12 at value for Wi of 55,000. Average coolant temperature, 235 F.
engine D.
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in 7 resulting from this scatter is not large. A variation in
T, of £12°F for typical engine conditions at normal rated
power is represented by the dashed lines in the figure, and
it is seen that almost all the data lie within this band.

The value of the exponent m, which is obtained from the
slope of the line through the data, is, as previously deter-
mined, equal to 0.48 end the value of the constant B, found
by substitution of the values of the coordinate of any point
on the line into the correlation equation, is equal to 0.00183.
The final equation is accordingly written

[(TTT;) (WW) z] k (Pr)%%=0.00163 (W )'w (17)

and will apply over a considerable range of engine operating
conditions, coolant temperatures, coolant flows, and coolant
compositions.
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In order to illustrate the variation in the correlation ob-
tained among the four engines, the correlation of figure 14 (2)
is replotted in figure 14(b), using a different symbol for
each engine. The separation of the dats between engines
is slight and the scatter for one engine is almost as great as
the total scatter for all engines.

Final correlation with charge flow W, as independent
variable.—Correlation of the test data based on equation (5),

wherein the factor (T T‘) [(Q%%ﬁ) (E—P—W)-{-Z]

is evaluated by using the previously determined values of
m, s, Z, and B; and plotted against the charge flow W', is
shown in figure 15. A straight line with a slope of —0.60,
which is equal in absolute value to the value of the exponent
n on W, previously determined, is drawn through the
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data. As & result of the different arrangement of the terms
in this equation, the scatter of the data is considerably
less in figure 15 than in figure 14; the over-all accuracy
of the correlation is, of course, the same.

When equation (17} is rearrenged in accordance with
this plot, the following form is obtained:

T T,.) [(0 00163) (k(Pr)“ ) + z:| W0 (18)

As previously mentioned, the values of the factor Z for
engine D used in plotting the final correlation of figures 14
and 15 were obtained from figure 11. If a constant average
value were used for Z, the scatter of the data would be in-
creased from approximately 4-12° toabout +22° F, depend-
ing upon the engine running time.

In order to facilitate the computation of head temper-
atures by means of equation (18), values of the coolant-

0.48
property parameter F(%W are presented in figure 16 for

various coolant mixtures of ethylene glycol and water over
a range of coolant temperatures.

Effect of boiling of coolant on correlation.—It was found in
the investigation of reference 8 that under some conditions
of operation a reduction in coolant low increased the amount
of boiling of the coolant thus reducing the normal tendency
of the cylinder-head temperature to incresse with reduced
coolant flow. In order to determine the effect of this boiling
of the coolant on the head-temperature correlation, the rele-
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ature for cylinder-head-temperature correlation.
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tions given by equation (18) were considered. The left-
hand side of this equation should normally be a function of
only charge flow and, if boiling of the coolant were negligible,
would be independent of the coolant flow. If, however,
boiling occurs to an appreciable extent, the value of the
left-hand side of this equation would be expected to vary
with the coolant flow. A plot of this parameter against
coolant flow is shown in figure 17 for two different engine
operating conditions and several coolant compositions. For
coolant flows greater than about 100 gallons per minute, tho
value of the plotted parameter is independent of the coolant
flow, which indicates that boiling of the coolant did not occur
to & noticeable degree in this range. TFor coolant flows less
than about 100 gallons per minute, bowever, the value of tho
parameter increases with reduced coolant flow (depending
on the engine power and coolant), which illustrates the tend-
ency of boiling of the coolant in this range of flow rates to
reduce the cylinder-head temperature.

Themaximum variation of the parameter plotted infigure 17
is equivalent to a decrease in head temperature of less
than 10° F. Because this variation is within the normal
scatter of the data, the correlation is not seriously affveted
by boiling for the ranges of variables covered. Extrapolation
of this correlation to combinations of higher engine power,
lower coolant flows, or lower coolant pressures than those
covered by this investigation would, however, be subject to
uncertainties and reduced accuracy of prediction of eylinder
temperatures.

Relation between maximum and sverage cylinder-head
temperature.—In figure 18, the cylinder-head temperature
between the exhaust valves of the hottest cylinder is plotied
against the average temperature of the 12 eylinders at this
location. Good correlation of these data is obtained for all
conditions and for all engines with the maximum cylinder-
head temperature ranging from 10° to 20° F higher than the
average temperature. From the correlation of the average
cylinder-head temperature with the primary engine variables
and coolant variables given in figure 14 or 15 and from the
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relation between the maximum and average head tempera-
tures shown in figure 18, an estimation of the maximum
cylinder-head temperature between exhaust valves is possible
for a large range of engine and coolant conditions.

COOLANT-HEAT-REJECTION CORRELATION

EVALUATION OF FACTORS

As previously discussed, the values of the various constants
and exponents appearing in the correlation equations may

not necessarily be the same for both the cylinder-head-
temperature correlation and the coolant-heat-rejection cor-
relation because only the heat-transfer processes occurring
in part of the cylinder head are involved in the eylinder-
head-temperature correlation, whereas the heat-transfer
processes occurring in the complete engine cylinder are
involved in the heat-rejection correlation. The method of
evaluating the various constants and exponents for the
coolant-heat-rejection correlation is, however, similar to that
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previously discussed for the cylinder-head-temperature cor-
relation and the details of their determination are given in
the following paragraphs.

Effective oylinder-gas temperature T, —Because of dif-
ferences in the heat-transfer processes affecting the cylinder-
head temperatures and the coolant heat rejections just dis-
cussed, the reference value of T, of 1150° F that was used for
the cylinder-head-temperature correlation was considered
unsuitable for application to a correlation of coolant-heat-
rejection data. Accordingly, a reference value of T, for the
coolant-heat-rejection correlation was determined from con-
rideration of equation (1} .

H=BW™T;—T:) 1)

The relation between H and T, for constant W, and T is
obtained from runs in which one of the coolant variables is
varied while all the epgine conditions are held constant.
These values of H are then plotted against T and extrapo-
lated to zero H; the value of T, at zero H will then be equal
to the value of T, at the particular engine operatmg
condition.

The value of T, indicated in equation (1) should be an
average inside wall temperature for the entire cylinder, but
inasmuch as the instrumentation was insufficient, to provide
an average wall temperature, the average of the temperatures
measured between the exhaust valves of the 12 cylinders
was used. Although the resulting reference value for T is
somewhat higher than what would have been obtained if an
average cylinder temperature were used, this procedure is
considered satisfactory; as previously mentioned for the
cylinder-temperature correlation, the accuracy of the final
correlation depends primarily on the accurate determination
of the variation of T, with the various engine operating con-
ditions and is insensitive to fairly large changes in its refer-
ence value.

The resulting plot of H against T obtained from runs in
which the coolant tempersture T; was varied for two dif-
ferent coolants is shown in. figure 19. Extrapolation of the
curves to zero H, at which point the average head tempera-
ture is equal to the effective gas temperature, gives an
initial value for T, of about 750° F for a fuel-air ratio of
0.095, & dry inlet-manifold temperature of 254° F', an exhaust
pressure of 29 to 30 inches of mercury absolute, and standard
ignition timing. When this initial value of T, is corrected
to the customarily assumed reference conditions of fuel-air
ratio of 0,080, dry inlet-manifold temperature of 80° F,
exhaust pressure of 29 to 30 inches of mercury absolute,
and standard ignition timing in accordance with the rela-
tions to be presented later, & value of 760° F is obtained.
Although this reference value of 7, for the coolant-heat-
rejection correlation is conpsiderably lower than the value
of 1150° F used in the cylinder-head-temperature correla-
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tions and approaches the value of 600° F uscd in eylinder-
barrel-temperature correlations (references 1 and 7), il is
considered suitable for the present corrclation of coolant
heat rejections in view of tho satisfactory final correlation
obtained.

The_variation of 7, with fuecl-air ratio, inlet-manifold
temperature, ignition timing, and exhaust pressure for the
heat-rejection correlation is determined in a manner similar
to that for the head-temperature correlation from the tesis
in which these factors were each independently varied while
holding all other conditions constant. For these conditions
correlation equation (6) becomes

I’—ﬁz} =constant (19)

This constant is evaluated from the heat-rejection and
coolant-temperature data at the operating conditions for
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86a which the value of T, has already been established. The
variation in T, with each of the aforementioned variables is
then calculated from the value of the consiant and the
820 - heat-rejection and coolant-temperature data obtained at
N the operating condition in question.

The variation of T, with fuel-air ratio is shown in figure 20.
The data have been corrected to a dry inlet-manifold
temperature of 80° F in accordance with the relation between
T¢ and T, to be presented later. Although the data points
do not clearly define a curve in the region of stoichiometric

a
3

8

linder-qas temperature, T,,°F

\ fuel-air ratio, the shape of the curve in this region was made
{ similar to that determined for similar relations in the eylinder-
\ head-temperature correlations.

700 The variation of T, with the calculated dry inlet-manifold
s temperature T, is presented in figure 21. These data, which
a ‘\ include both variable carburetor-air-temperature and vari-
§660 S able engine-speed runs, have been corrected to a fuel-air
8 \ ratio of 0.080 in accordance with the relation between T,
S and fuel-air ratio presented in figure 20. Although there is

520 x considerable scatter of the data, the trends indicated by both

N types of run are the same. A line through the average of
\° the data indicates an inerease in 77 of about 0.30° F per
degree Fahrenheit increase in T; correction of T to other

5805 07 76 09 NT) N7, 2 than 80° F inlet-mam:.fold temperature is therefore made

Fuel-air raotio according to the following relation:
FioUre 20.—Varlation of effective cylinder-gas temperature with fuel-air ratlo for coolant-
beat-reJection correlation. Data corrected to dry fnlet-manifold temperature of 3* F;
exhanst pressure, 20-30) Inches mercury absolute; standard fgnition timing. ATI=O'30 (TM—SO) (20)
L Engine Manifold Charge Fuelf-air l Car-bclrefar*air'___
speed pressure How rafio Tempoerafure
(rpm) (in. HE (tbfsec) (°F}
abs.)
— o 2600 30 - 34 158 0.095 -27 o 144
+ 3000 36 - 40 204 .095 -43 to 146
B o 2300-3200 32 - 36 172 .080 /7
A 2300-3200 34~ 40 L72 .060 149
880~ x  2000-3200 33 -40 L76 .085 17

& o 2000-3200 31 -40 1.58 095 143

g —

J

A /

E 840 - L/D/ a

Q x Ll

H AT, % +

Qo = x x

8 “ATH =030 o ol 42 o

=7 - "

fg‘ / a ¥ 4

L © :/ a

ano o = !

~ Q

é / +E|

L X J'“"? =+ [wi

3 | *

3] | — <&

$ 780 :

'fﬁ &0 20 160 200 240 280 320 360 <400 440

Ory infet-manitokd temperature, Tm, °F

Figrre 21, —Variation of effective cylinder-gas temperature with inlet-manifold temperature for coolant-heat-rejectfon correlation. Al data corrected to fuel-air ratlo of 0.080; exhsust peessare,
20-30 inches mercury absolute; standard ignitfon timing,
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860 I I i I I I —
Engine ' Manifold Charge Carburetor—
speed pressure flow air temper—
— (rpm) (in. Hg 16/ sec) ature - L&
absolute) (°F) / :
o 2600 30-40 159 39 x
szol— + 3000 30-41 1.66 19 yd * A
x 3000  A0-47 228 -2 Ve L
o 2600 I30-40 l.eg 4 / A
3 a 2600  28-395 43 24 o]
a d f
& / /
g 780 < //*
2 / A
g // //
a
_5 Fuel-air / h /x +
ratio py P 5
9 740 | 0.063 = 5 i
o a /A /M o //
S a
> x . /
700 Q
g aﬂﬂ / h
€ ;
£ <
Y /n/
660 —
J //u
Jo0 LT
/
620 e
[4] & 16 40 <43 56 64 72

3z
Exhoust pressure, in. Hg absolute

F1qUuRE 22,—Variation of effective cylinder-gns temperature with exhaust pressure at several fuel-alr ratics for coolant-beat-refoctfon correlation, Dats corrected to dry [nlet-mankfold tem-
perature of 80° F; standard Ignition timing.

The effect of exhaust pressure on 7 for three values of
fuel-air ratio and a variety of engine conditions is presented in
figure22. Allthe data have been corrected to an inlet-manifold
temperature of 80° F in accordance with equation (20).
As for the cylinder-head-temperature correlation, the in-
crease in T, with increased exhaust pressure is greater at
the lean than at the rich mixtures for the renge of fuol-air
ratios investigated. For convenience, a cross plot of the
curves in figure 22 is shown in figure 23 in which 77 is plotted
as & function of fuel-air ratio for various exhaust pressures.
The curve for an exhaust pressure of 30 inches of mercury
was obtained from figure 20 and served as a guide for the
fairing of the other curves.

The variation of T, with ignition timing for engine speeds
of 2600 and 3000 rpm is presented in figure 24 as a plot of
AT, against ignition timing. This curve has a minimum at
an exhaust spark-plug timing of about 30° B.T.C. and increases
as the spark is advanced or retarded from this setting.

Exponent n on charge flow W, and constant B;.—The
value of the exponent n on charge flow W, and the constant
B, were obtained from the series of runs at constant coolant
conditions in which the charge flow was varied by changing
either the manifold pressure or engine speed. (A summary
of the conditions for these rums is giveri under variable charge

flow in table I.) For such conditions, corrclation equation (G)
reduces to

B, (zLE—E)—T{]}c—,=constant {21)

According to this cquation, a plot of 1/H7* agninst
(Te—T)/H on rectangular coordinates would define a siraight
line having & slope equal Lo the value of B; provided that
the value of n were properly chosen. Because this method
requires a trial-and-error solution and may not be as sensitive
as desired, a second method of determining » and B, based
on equation (1) was used. )

According to equation (1), a plot of 1V, against ZI/(T,— T)
on logarithmic coordinates would result in g line having a
slope equal to n and a value of B, determined from the
coordinates of any point on the line. These values of 2 and
B, may then be verified for use in equation (21), as previously
discussed. Such & plot is shown in fgure 25, wherein initial
values of 0.94 for n and 0.37 for B; are obtained.

The plot of 1/ against (T,— T)/H, wherein the initial
value of 0.94 was substituted for n, is presented in figure 26.
A straight line having & slope of 0.37 satisfactorily represents
the data and thus the values of 0.94 for n and (.37 for B, are
verified. Close agreement is seen to exist between the vari-
able inlet-manifold-pressure and variable engine-speed data.
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exhaust pressured for coolant-heat-rejection correlation (obtalned from crosa plot of fig. 22).
Data corrected to dry inlet-manifold temperature of 80° F; standard lgnition timing.

80
Engfnc Manifold Char‘ge Carburetar-gir
g eed prcssur-e flow temperature
S fin. H; ? (tbfsec) (°F}
P absolute) /
G Qo 2600 30 L.53 40 +
bd; + 3000 40 2.9 /9 1
Sz /
55 40 5/
¢ .
55 A
£8 20— o
¢
< % x + 3 I/
=6 NP ¢
& e
5 =
-20 ’
& 4 30 38 54

Exhausf spark-plug fiming, d: ara
fintake spcrk—p/gg timing, 6°later fhan exhausf/

FicURE 24.—Variation of change in effective cylinder-gas femperature with ignftion timing
for coolant-heatrejection correlation. Fuel-alr ratio, 0.095.

Factor Z.—For the operating conditions of constant coolant
temperature and composition and variable coolant flow 717,
which provide data for the determination of the factor Z,

equation (6) reduces to
T,—T, 1 _ 1\™
BT g )~ Z=E (Tr)
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2g T T |
Enqmc; Monifold C;alrburcz‘an';r-ar /
spe pressure  temperature
rpm, n. ry
151 4 ags ch } ,_-,/
Yo 2660 289-54 85 /
+ 2200 -3200 20 88
x /1800-3200 £0 86.
o 3200 4/-73 -5
By=037
) B n= .94
Lo
=
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L
.8 /o
.6 ‘?L/Z’
iyl
4 75 Z 3 y; 6

Charge flow, W,, Ibfsec

FicurE 25.—Determination of exponent n and constant By or coolant-heat-refection correla-
tion from variation of H}(T,— T4 with W Fuel-air ratio, 0.005; exhaust pressure, 2¢-30
Inches mereury shsolute; standard fgnftion timing.

Lag

Calrburelfon-a}r Erlrgrir'!el Malnifald'i
temperaiure speed pressure
(*F) (rpm) (in. Hg
absolute)
[o] 85 2600 29-54
al+ 86 2200-3200 34 Z
x 86 1800-3200 40 d
a -5 3200 | 4173 /0’4
+|
A
.6 ]
/
~ & y o
L x
i
4 4
[
u/ Stope, 0.37
n/
al”
jd
2 .
a
[X¢] L4 L8 2 26 30
(Te~T2)[H

FIGURE 26.—Varlation of /W83 with (T,— T1)f/H. Fuel-air ratio, 0.085; exhans{ pressure,
29-30 inches mercury absolute; standard ignition timing.

Inspection of this equation indicates that Z=B; (I%Zj —
Te—T\_ 1

we=
against T%’; using the previously determined values of B, n,

er; when Hi';=0; therefore a plot of B;

and T, would givean indication of the value of the Z factor
when extrapolated to zero 1/H7;. Such a plot is shown in
figure 27 for five different coolants at two engine powers and a
value of 0.12 is indicated for Z. As for the cylinder-head-
temperature correlation, several values in the neighborhood
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Figure 27.—Determination of factor Z for coolant-heat-rejection correlation from variation of 0.37 ( I) R vith
[

of 0.12 were chosen for Z and used in trial correlation plots;
the value that gave the most satisfactory correlation (0.12)
wasg finally used.

Although it would be expected that the scaling of the
coolant passages in the hot regions of the cylinder head
(ilustrated by the temperature curves of fig. 10) would have
an effect on the coolant heat rejection similar to that which
it had on the cylinder-head-temperature correlation (fig. 11),
no such effect could be detected within the accuracy of the
data. It is likely, however, that the effect of this scaling
on the heat-rejection correlation is less than those for the head-
temperature correlation because the scale was deposited in
only a portion of the cylinder head and thus would not have
as great an effect on the total coolant heat rejection as it did
on the cylinder-head temperature between the exhaust
valves.

Exponent m on coolant-flow parameter W,/u.—For the
determination of the exponent m on the coolant-flow param-
eter Wifu, data similar to that used for the determination of
Z are used and equation (6) may be accordingly written

T,—T 1 i
(o (S eaten (D)
A logarithmic plot of the factor
T—To__1 _
[0.37( T yom—0.12 |k

.08 40
Reciprocal of coolant flow, 1/W:, secf/b

74 14 N

Averagn coalant temperature, 245¢ F,

against 177/u, in which the absolute value of the slope of the
straight line through the data will be cqual to the exponent
m, is shown in figure 28 for five different coolants. Lines
having the same slope are drawn through the data for cach
coolant and the value of the exponent m is thus established
as 0.26. This value of the esponent m, whicl is established
from selected data, will be verified by the slope of the line
through all the data in the final correlation plot based on
equation (6).

Exponent s on Prandtl number Pr.—The value of the
exponent ¢ on the Prandtl number Pr was delermined from
data for a constant value of 1 /g, which permits the redue-
tion of equation (8) to

I:B, (Li—@)—ﬁlcé—z] Je=Byo(PP)~ (24)

The slope of the line determined by a logarithmic plot of
[0.37 (T‘_ T’)— ‘Wlw. 0.12 | k against Pr would then cs-

tablish the value of the exponent a.
Following & procedure similar to that used in the hcad-
temperature correlation, values of the factor

I:o 37( ‘) 'ﬁ"W"O 12]1:
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are obtained from figure 28 for each of the coolants at a
constant value of W /x and are then cross-plotted against
the Prandtl number Pr for the different coolants. Data so
obtained from a cross plot of figure 28 at a constant value
of Wi/u equal to 55,000 are shown in figure 29 and the slope
of the resulting line establishes the value of the exponent &
on the Prandtl number Pr as 0.38.

FINAL CORRELATION

Final correlation with coolant-flow factor Wi/rp as in-
dependent variable—The final correlation based on equa-
tion (8), which is obtained by plotting the factor

Cclao[a!nf,
glycol-
water
{percent
by vofume)
= 2 7%
| e | + -
N 20xi0* x 50- 50 Yy
< /5 a 70-30 ~lo °
0 977 3 \’\-P\\ \\
b — B o ™~
B }“ T~ + _
’_\.’0 — [ T~
P - 3 4 -
‘T g ] 2 o] ™
By 6 1 Slopes, -0.26
o 7 | |
)

2 3 4 6 & 10 5 20 30x/a*
Coolant-flow paramefer, Wifp

[oa7 (

FioUrE 28.—Determination of exponent m on coolsnt-Sow parameter i/ for coolant-heat-

T,~T, 1 B
rejection correlation from variatlon of [0-37 ( e ‘)—m—o.u] Ewith — for

varlous coolants. Average coolant temperature, 245° F.
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[0.37 (T'E_I T‘)— B’t"-’* 0.12:[ E(Pr)os

against W /s on logarithmic coordinates for all the data, is
presented in figure 30. Although the data points scatter
considerably, the variation in terms of the coolant heat
rejection is not excessive. Dashed lines representing a
variation in heat rejection of 45 percent are drawn on the
figure and practically all the data are seen to fall within

these limits. The effect of boiling of the coolant on this
C‘ol):’c:rnl:.l
& fycol-water
S 00 riroert b
S 2 5%
+ -
— \\ x 50- 50
4 :P\ im ] 70‘30
3y Slope, ~-0.38 =
i 8 }
S
CI‘\_, g [~ =C
I_i.l
Z
/ 2 3 4 & & /@ 20 30

Prandt! number; Pr
FIGCRE 28.—Determination of exponent 8 on Prandtl number Pr for coolant-heat-rejection mniu-

Te— Ty 1 2
T ———0“.‘0‘“ 1 k with Pr as obtaloed from

Iation from variation of [0-37(

w
cross plot of figure 28 at value of -;! of 55,000, Average coolant temperature, 245* F,
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correlation, which, as llustrated in figure 17, had a small
influence on the cylinder-head-temperature correlation,
could not be detected within the accuracy of the data.
Because the region in which boiling of the coolant occurred
was probably limited to a relatively small area of the cylinder
head, it would be expected to have a much smaller effect on
the total coolant heat rejections than on the cylinder-head
temperatures.

The value of the exponent m, which is equal to the absolute
value of the slope of the line through the data, is, as pre-
viously determined, equal to 0.26, and the value of the
constant Bs, found by the substitution of the values of the
coordinates of any point on the line into the correlation
equation, is equal to 0.000302. The final equation is
accordingly written

REPORT 931—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

T,—T 1 W\"0*
[o.37< 7 ‘)—- Wco,“—o.lz:l k(Pr)*3=0.000302 (-#—‘)

(25)

and will apply over the range of engine operating conditions
and coolant conditions listed in table I.

Final correlation with charge flow W, as independent
varieble.—Correlation of the test data based on equation (7),
which is obtained by plotiing the factor

T,—T;\_ (0.000302 ( po _)_
o (S)-(Crpee) (ripryen) 012
against T, on logarithmic coordinates, is presenied in
figure 31. A straight line with a slope of —0.94, which is

equel to the value of the exponent on W, previously deter-
mined, is drawn through the data. 'When equation (25)]is

[ \
>
.8

>
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FI1GURE 31.—Final correlation of coolant heat rejections based on equation (7).
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FIGURE 32.—Variation with coolant temperature of coolant-property parameter
LN Pry¢3 for coolant-heat-refection correlation.

rearranged in accordance with this plot, the following form
is obtained:

0.37 (T T‘)—

In order to facilitate the computation of coolant heat
rejections by means of this equation, values of the coolant-
property parameter p°*%/k (Pr) %38 are presented in figure 32
for various ethylene glycol—water solutions over a range
of coolant temperatures.

0.000302
W )(k(P )38 —0.12=T" 0
26)

USE OF CORRELATION EQUATIONS

In order to illustrate the use of the correlation equations,
the following example is presented:

The maximum ecylinder-head temperature between the
exhaust valves and the coolant heat rejection are to be
determined for the following eonditions:

Engine charge flow (air plus fuel), Ibfsec____________________ 3.0
Engine speed, rpm. .. o aioaao 3000
Fuel-air ratio_____ . 0. 095
Carburetor-inlet air temperature, °F________________________ 60
Exhaust pressure, in. Hg absolute________________________.._ 40.0
Ignition timing (exhaust spark plugs), deg B.T.C.__________.__ 40
Accumulated engine running time, hr_______________.____ Over 100
Coolant flow, Wofsee_ . 30.0
Average coolant temperature, °F_________________________.._ 250
Coolant composition, ethylene glycol—water (percent by
volume)______ L ___ 30-70

Determination of maximum cylinder-head temperature.—
The average cylinder-head temperature is first evaluated
from equation (18) and the maximum cylinder-head temper-
ature then determined from fgure 18. Although either
equation (17) or (18) may be used to evaluate the average
cylinder-head temperature, the grouping of the coolant-
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property terms of equation (18) results in greater con-
venience of application,

The dry inlet-manifold temperature is computed from
the carburetor-air temperature and the engine speed by
means of equation (9) as follows:

N 2
T —T. 19528 (m)

3000V’

=604-25.28 1000

=288°F

In order to determine the effective cylinder-gas tempera-
ture T, 2 value of T is first determined from figure 6 as
1069° F for a fuel-air ratio of 0.095, an exhaust pressure of
40 inches of mercury absolute, standard ignition timing,
and a dry inlet-manifold temperature of 80° F. The cor-
rection for an ignition timing of 40° B.T.C. is obtained from
figure 7 as 24° F. For a dry inlet-manifold temperature of
288° F, the correction to T is determined from equation (11)

AT,=0.25 (Tx—S0)
=0.25 (288—80)
=52°F

The value of T is then determined by algebraically adding
the corrections for ignition timing and manifold temperature
to the value obtained from figure 6.

T=1069424152=1145°F

Because the variation of Z with engine running [time
was shown to be constant at a value of 0.13 (fig. 11) for any

engine running time over 100 hours, this coru.ls;tant value is

used. The coolant-property parameter F(PA= (P o is deter-

mined from figure 16 for the specified coolant and coolant
temperature as equal to 164. .

Substitution of the values of the various parameters into
equation (18)

=) [(CFF%) (e + 2] e 0o

gives the following:
1145— T,) l: 0.00163

Th—250 30048 ) (164) -[-0_]_3]:3_0—0.60
2.8397,+ Th=114512.839 X250
T,=483°F

For this value of the average cylinder-head temperature, the
maximum cylinder-head temperature between the exhaust
valves is found to be 499° F (fig. 18).
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Determination of coolant heat rejection.—As for the
cylinder-head temperature, the determination of the coolant
heat rejection is most conveniently accomplished by using
the equation in which the charge flow is the separated
variable; equation (26) will therefore be used.

As previously calculated for the cylinder-head-temperature
determination, the dry inlet-manifold temperature is 288° F.
A value of T, for a fuel-air ratio of 0.095, an exhaust
pressure of 40 inches of mercury absolute, standard ignition
timing, and a dry inlet-menifold temperature of 80° F is first
determined from figure 23 as 716° F. The correction for an
ignition timing of 40° B.T.C. is obtained from figure 24 as
14° F. For a dry inlet-manifold temperature of 288° F,
the correction to T, is determined from equation (20).

AT,=—0.30 (T,—80)
=0.30 (288—80)
=62.4°F
The value of T, is then determined by algebraically

adding the corrections for ignition timing and manifold
temperature to the value obtained from figure 23.

T,=716+14-162.4=792.4° F

0.26
The coolant-property parameter (ﬁ’r_)“_”) is determined

from figure 32 for the specified coolant and coolant temper-
ature and is equal to 964.

Substitution of the values of the various parameters into
equation (26)

0.37 (T 'ET ‘)—(0'%93i02)(k (Pur;:, 33) 0.12=W,9% (26)

gives the following:

0.37 (792-4—250)-(0-339_392) (964) —0.12=3.0-0-%

1913—7—0 120—0.12=0.3561

H=336.6 Btu per second
SUMMARY OF RESULTS

An ansalysis of the data obtained from multicylinder,
liquid-cooled engines of 1710-cubic-inch displacement, which
mcluded power outputs from 275 to 1860 brake horsepower,
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coolant flows from 50 to 320 gallons per minute, and coolants
composed of ethylene glycol—water mixtures varying in
composition from 100 percent water to 97 percent ethylene
glycol and 3 percent water gave the followmg results:

1. The NACA correlation method, which is based on the
theory of heat transfer by normal forced convection, pro-
vided satisfactory correlation of both the cylinder-head
temperature between the exhaust valves and the coolant
heat rejection with the primary engine and coolant variables
for a wide range of engine and coolant conditions.

2. The correlation method as applied herein permitied
the prediction of the eylinder-head temperature between
the exhaust valves within approximately +12° F and of
the coolant heat rejection with an accuracy of &5 percent.

3. Boiling of the coolant, which was encountered at several
engine powers under certain conditions of coolant flow,
coolant temperature, and coolant composition, was found
to have an effect on the cylinder-head temperatures. For
the ranges of variables covered in this investigation, how-
ever, this boiling of the coolant did not seriously affect the
cylinder-head-temperature correlation and had no deteetible
effect on the heat-rejection correlation.

FricaT ProruLsioN REsEARCH LLABORATORY,
- NattonaL Apvisory CoOMMITTEE FOR AERONAUTICS,
CrLevELAND, OHIo, August 31, 1948.
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TABLE 1I—SUMMARY OF ENGINE AND COOLANT CONDITIONS

Tgnlti E S,
gnliion x- ethylene
Oarburs- | . U haust | Dry |glyeol—water Avera Lngloe C%lmagon
Engine |Manifold e | (deg B.T.C.) | prea- | inlet- | (peroent by | Coolant ooy | coolant- Engine
Variabla or type of test KEngine power ng pressure | Charge flow Fuel-alr temper- sure |manifold| volume) flow tamper- outlet Engino ruaning
(bhp) {tpm) | (o Hg (lb7sau) ratio stlﬁo gn. tempor- (zal/ i ressure E time
absolute) op g | ature min) R b/sq In (hr)
Cm Br- | In- Tbso)- °m a1yeallWat P gAgO) Tom- | Heat.
ute; yeal|Water pera-
haust | take ture tion
Charge flOW...oovremvnnn- 400-1180 2600 M-48 1.08-2, 47 0,080 60 84 28 281 [ 80 70 1] 245 88 o
276-1260 2000 21-54 842,78 (95 13 34 28 258 80 70 25) 18 a5 D
583-1260 2600 20-84 1. 852,76 008 85 U 8 258 80 70 260 15 a5 D
8200 41-73 - 2, 844, 40 005 —~6 a4 28 254 80 70 300 U 85 D
28008300 40 1.70-2.18 . 080 60 a4 28 | }26-80 |{104-810 30 70 a56 48 33 Q
750-878 | 180(~3200 40 1.54-2,14 095 868 84 -] 108-845 20 70 250 bl a6 D
AR0~630 | 1400-8200 30 881,00 , 008 84 34 23 186-845 30 70 250 b1 a5 D .
610630 80 1.36~1. 60 N ] 34 28 208~845 80 70 250 U5 a5 D
B7(0~640 | 1200-8200 30 . 78~1, 87 , 080 60 a4 28 90819 80 70 256 U 80 [}
Manifold temporature..... TRO=T04 2600 34-368 1,88 ,005 | £0-184 a b} (223-278 80 70 280 Ml 25| 1B
565-600 2600 27-80 1,89 , 000 |—20-170 84 28 151-341 80 n 270 Hb 30 [o]
8566475 2600 1,58 L0058 |—27-144 84 P} 144315 30 70 300 M5 35 D
TO8-846 3000 a6-40 2. , 005 |—48-148 84 28 20-80 185-874 80 ki) 300 A48 a5 D
682-825 | 2800-8200 B! L73 080 17 M 28 151-278 20 7 300 U a5 D
847-813 | 2300~8200 1,72 . 080 140 2! 28 274-308 30 70 a00 bl 38 D
E 20003200 1,76 . 008 17 84 28 118-278 a0 70 800 b 8h D
546-742 | 2000~3200 8140 1,58 f 143 8 8 402 80 70 800 48 88 D
Tuol-alr ratlo..c.eeaeennae. 740-780 2000 35 1,78 | ,084~118 [ ] 34 p::] 287 80 70 270 b as o
781-887 2800 34-36 1,84 | 062, 120 M 28 (r26-80 ({200-350 80 70 220 Ub 27| !B
3000 AL 2,2  ,064-118 25 a4 24 253 80 70 250 245 a5 D
Ignition timing K77-0568 2600 80 1,58 008 14-54 | 848 20-80 211 80 70 300 MUh a6 D
3000 40 2,10 (005 19 | 16-52 | 10-46 U7 30 70 300 M5 38 D
Exhanst prossure .... ... 540-012 2600 28-35 1,48 . 083 84 8| 45 108 20 70 280 U5 84 D
588-708 2800 3040 1,60 , 100 4 34 28 | 10-60 175 30 70 a0 Mh 34 D
T8 2600 1,50 . 088 30 i | 28 | 10-61 a0 80 70 280 Mh ah D
647-726 2600 1.50 085 39 M 28 | 10-52 210 80 70 260 U5 88 D x
944004 3000 4047 2,28 (088 -2 a4 28 | 12-52 220 80 70 a0 245 a5 D x b 140, 6-142, 23
3000 8041 1,08 . 085 19 84 28 | 12-50 M7 80 0 250 Mb 35 D x x 138, 5~140, 6
427882 2600 35 1,36-1, 02 (85 a3 84 28 | 10-61 208 80 70 250 bad] 35 D X 145, 8-148, 5
Qoolant loW. oo meeenn 1000 2000 44 291 , 092 75 8 28 Mo | 297 8 15, M8, 270 10 A x .
1 2600 44 2121 , 088 80 M 28 251 80 70 | 100-280 215, Mb 10-30 A X
T80, 1160 | 2800, 3000 84, 50 1.78,2,71 . 08b 88 a4 28 284,811 0 100 50-800 HE 35 D X b 4
780, 1100 | 2600, 3000 36, 50 178,27 005 83 H 8 2064, 811 80 70 50-300 b 1] D X x
, 1160 | 2600, 3000 84, 50 178,271 RS ] L] 28 254, 311 80 50 50-300 M5 a5 D X x
780,1160 | 2600, 8000 a4, 50 1.78,3 71 . 085 83 84 a8 254, 811 ol 80 50-800 U5 85 D x X £9,1~108,1
780, 1160 | 2600, 3000 86, 50 17,27 008 a8 84 28 ,811 | 197 8 50-300 U i)} D X x 108, 8-110,
Ooolant temperature...... 785 2800 36 1,80 . 008 83 3 2 254 | 80 70 200 140-288 35 D
708 2800 87 1.84 . (A8 a3 a4 P} a4 | 27 8 200 150-803 35 D
Engine eallbration........| 1000, 1250, 1450 3000 [42,8,00 | 2,89,29,8,40 . 008 50 3 23 20-50 278 80 70 220 245, 270 |20, 25, 35, 88 B
310-1200 | 2000-3000 2483 .73-2.80 | , 004,006 75 3 F- 176-808 | 267 8 | 144-258 24 0-80 A
I ]hgflne aqul with aftercooler,
3 AN-E-2 ethg one glyool.
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